ice reservoir equivalent to several thousand Earth oceans in mass. The water's ortho-to-para ratio falls well below that of solar system comets, suggesting that comets contain heterogeneous ice mixtures collected across the entire solar nebula during the early stages of planetary birth.
Water in the solar nebula is thought to have been frozen out onto dust grains outside ∼ 3 astronomical units (AU (1)) (2) . Stored in icy bodies, this water provided a reservoir for impact delivery of oceans to the Earth (3). In planet-forming disks, water vapor is thought to be abundant only in the hot (>250 K) inner regions where ice sublimates and gas-phase chemistry locks up all oxygen in H 2 O. Emission from hot (>250 K) water has been detected from several disks around young stars (4, 5) . In the cold (∼20 K) outer disk water vapor freezes out, evidenced by spectral features of water ice in a few disks (6, 7) . However, (inter)stellar ultraviolet radiation penetrating the upper disk layers desorbs a small fraction of water ice molecules back into the gas phase (8) , suggesting that cold (<100 K) water vapor exists throughout the radial extent of the disk. The detection of this water vapor would signal the presence of a hidden ice reservoir.
We report detection of ground-state rotational emission lines of both spin isomers of water (J K A K C 1 10 -1 01 from ortho-H 2 O and 1 11 -0 00 from para-H 2 O) from the disk around the premain-sequence star TW Hydrae (TW Hya) using the Heterodyne Instrument for the Far-Infrared (HIFI) spectrometer (9) on-board the Herschel Space Observatory (10) (Fig. 1) (11, 12) . TW Hya is a 0.6 M (solar mass), 10-million-year old T Tauri star (13) 53.7 ± 6.2 pc away from Earth. Its 196 AU radius disk is the closest protoplanetary disk to Earth with strong gas emission lines. The disk's mass is estimated at 2×10 −4 to 6×10 −4 M in dust and, using different tracers and assumptions, between 4 × 10 −5 and 0.06 M in gas (14) (15) (16) . The velocity widths of the H 2 O lines (0.96 to 1.17 km s −1 ) (table S1) exceed by ∼40% those of cold CO (14) . These correspond to CO emission from the full 196 AU radius rotating disk inclined at ∼7
• with only little (<65 m s −1 ) turbulence (17) . The wider H 2 O lines suggest that the water emission extends to ∼115 AU where the gas orbits the star at higher velocities compared with 196 AU.
To quantify the amount of water vapor traced by the detected lines, we performed detailed simulations of the water chemistry and line formation using a realistic disk model matching previous observations (12, 18) . We adopted a conservatively low dust mass of 1.9 × 10 −4 M and, using a standard gas-to-dust mass ratio of 100, a gas mass of 1.9 × 10 −2 M . We explored the effects of much lower gas-to-dust ratios. We followed the penetration of the stellar ultraviolet and x-ray radiation into the disk, calculated the resulting photodesorption of water and ensuing gas-phase chemistry including photodissociation, and solved the statistical-equilibrium excitation and line formation. A lower gas mass does not decrease the line intensities, if we assume that the water ice, from which the water vapor derives, formed early in the disk's evolution, before substantial gas loss occurred, and remains frozen on grains. The most plausible explanation involves a difference in the relative location of small, bare grains regulating the ultraviolet radiative transport and larger, ice-carrying grains. Differential settling of large grains relative to small grains moves much of the ice reservoir below the reach of the ultraviolet radiation, resulting in less water vapor and weaker lines. Our model matches the observations if only 12% of the original ice content remains above this line (20) . A radially increasing degree of settling of icy grains explains the observed H 2 O line widths.
The detected water vapor, resulting from photodesorption, implies an ice reservoir in the giant planet formation zone and beyond. In our simulations the 7.3 × 10 21 g of detected water
vapor (equivalent to 0.005 times the mass of Earth's oceans) originate from a total ice reservoir of 9 × 10 27 g (or several thousands of Earth's oceans) throughout the disk. The size of this reservoir is tied to the dust mass contained in the disk, for which we adopt a conservatively low value. Although the ice reservoir is only observed indirectly, no known mechanism can remove it from the regions probed by Herschel. Any smaller ice reservoir implies the corresponding absence of elemental oxygen that efficiently reforms water ice on the grains.
The detection of both spin isomers of water vapor allows its ortho-to-para ratio (OPR) to be derived, because our simulations indicate that the lines are optically thin. An OPR of 0.77 ± 0.07 matches our observations (12) . This value is much lower than the OPR range of 2 to 3 observed for solar system comets (21) . It is common practice to associate the OPR with a spin temperature T spin at which a Boltzmann distribution reproduces the ratio of spin isomers. Our derived OPR corresponds to T spin =13.5 ± 0.5 K, whereas the range for solar system comets yields a T spin of >20 K.
Radiative conversion between spin isomers is not allowed in the gas phase, preserving the OPR for long timescales. Gas-phase formation of water occurs through exothermic reactions leading to an OPR of 3. On grains, water forms and survives at low temperatures, and it is tempting to equate T spin with the grain temperature. However, the energetics of water formation and ortho-to-para exchange on grains are poorly understood (22) , and the water OPR may be changed by photodesorption. This process starts by dissociating water to H and OH in the Table S1 References ( vertical linear polarizations were measured. The relative offsets of the respective polarization channels from our pointing center were 3.3 at 556 GHz and 1.8 at 1113 GHz, in both cases much smaller than the beams of 38.1 and 19.1 , respectively, and not relevant for our analysis. The in-orbit calibration system converted the raw data to the T * A (antenna temperature) intensity scale. Further conversion to the main-beam antenna temperature scale T mb was done using a beam efficiency of 0.76 at both observing frequencies, accurate to 10%. The data were reduced using HIPE v4.0.0 (1113 GHz) and v 4.6.0 (556 GHz), and exported to the CLASS software package for further analysis. The velocity accuracy of the final data product is better than a few m s −1 .
After averaging together the horizontal-and vertical-polarization measurements, resulting noise levels are 1.6 mK per 0. 27 (Table S1 ).
Physical and chemical model of the TW Hya disk
The adopted physical model for the TW Hya disk is based on recent modeling of its full spectral energy distribution including Spitzer and Herschel data (18) , with parameters similar to those that reproduce a wide set of observations including gas emission lines (16) . It has a dust mass of 1.9 × 10 −4 M in < 1 mm particles, and a gas mass of 1.9 × 10 −2 M obtained by assuming a gas-to-dust mass ratio of 100. The adopted disk dust mass is a lower limit, containing only particles <1 mm and employing a close-to maximum emissivity to turn continuum flux into mass: other mass estimates are four times larger (in <1 mm particles), or as much as 14 times larger if significant grain growth (as expected) is included and 93% of the mass is > 1 mm (18). The gas mass is near the high end of the inferred gas masses in the literature of 4 × 10 −5 -0.06 M (14, 16, 18) . This range reflects the uncertainty in translating observations into gasmass estimates. The low end of the range corresponds to taking CO observations, assuming an abundance of 10 −4 with respect to H 2 , and ignoring any freeze out (14) . The high end is derived from dust continuum observations and a standard gas-to-dust ratio of 100 (15), but is found to reproduce gas-line observations including CO when more realistic chemical conditions are adopted (16) . We will explore the effects of gas masses lower than the 0.02 M from our baseline model. The disk's outer radius is 196 AU, and its surface density outside a radius of 4 AU is given by Σ(R) = 1.4 × 10 −2 (R/100 AU) −1.0 g cm −2 . Inside 4 AU the surface density is much lower, but we can ignore this region in our modeling. The vertical density distribution is characterized by an exponential scale height H(R) = 10 (R/100 AU) 1.2 AU and a density profile ρ(z, R) ∝ exp(−z 2 /2H 2 ). The dust particles have a size distribution N (a) ∝ a −3.4 between a min =0.03 µm and a max =10 cm, and a mean density of 3.5 g cm −3 . Gas and dust are assumed to be well mixed throughout the disk. The dust temperature is calculated for a stellar effective temperature of 4000 K and a luminosity of 0.23 L with the RADMC code (31), which yields a result identical to the original model. The gas and dust temperatures are assumed to be identical. The penetration of the stellar ultraviolet radiation, both continuum and Lyα, is calculated for the defined density structure, adopting the measured stellar spectrum and ultraviolet dust scattering properties from (32) . Subsequently, the chemical composition throughout the disk is calculated following the methods of (33) including the effects of gas-phase reactions, thermal desorption, desorption by ultraviolet radiation (34), cosmic-ray induced ultraviolet photons, and photodissociation by ultraviolet radiation. X-ray propagation and dissociation of H 2 by other species is also included in the calculation, but do not influence our results. Cosmic ray induced photodesorption provides the only source of water vapor in the disk interior, leading to a low base-level of water vapor abundance of ∼ 10 −10 relative to H 2 (35). Our simulations do not treat the disk structure and water chemistry in the inner disk (< 5 AU) correctly, but in the large Herschel beam these regions contribute only negligible amounts of line flux. Except for the inner several AU, the temperatures in the disk are everywhere well below 200 K, excluding the efficient formation of water in the gas phase, leaving photodesorption of water ice as the sole source of water vapor to explain the Herschel observations. This baseline model contains a total water ice reservoir of 6300 Earth Oceans (equivalent with 9 × 10 27 g, with one Earth Ocean containing 1.5 × 10 24 g of water), mostly as ice frozen out onto dust grains. This ice reservoir is a rough estimate at best. It is based on a low dust mass of 1.9 × 10 −4 M . It assumes that all water ice thought to be present in the protostellar core from which TW Hya formed was either retained or efficiently reformed from gas-phase oxygen on the dust grains. We adopt an oxygen abundance of 3.5 × 10 −4 relative to H, with 70% locked up in water and 30% in CO (36) . As such, our model may overestimate the ice reservoir if the disk is formed depleted in elemental oxygen, because the amount of water ice scales linearly with the oxygen abundance. This may be the case, if the water ice formed after the disk underwent significant loss of its gas mass. For example, if the disk lost 90% of its gas mass before the water ice formed, the water ice reservoir would be lowered by a corresponding factor.
Excitation of the water molecule and formation of the emission lines
Most water vapor is present at H 2 number densities of a few times 10 6 cm −3 and temperatures of 25-35 K. This necessitates a full calculation of the statistical equilibrium populations of the involved levels, because these values are below the critical density and upper level energies for the transitions. The column density of water molecules, and resulting line opacities, further necessitates a full calculation of the transport of line photons including absorption and resonant scattering. We calculated the statistical equilibrium excitation and emission line formation with the LIME code (37). Only collisions with H 2 are included; at a relative fraction of < 10
relative to H 2 in the region of interest, electrons do not contribute significantly to the excitation. Collisional rate coefficients were taken from (38, 39) and an H 2 ortho-to-para ratio of 3.0 was adopted. The water vapor ortho-to-para ratio in our standard model is characterized by a spin temperature equal to the local dust temperature. Our simulations show that the excitation of the relevant energy levels is subthermal, as expected for densities lower than the critical densities of the transitions of ∼ 2 × 10 7 cm
for H 2 O 1 10 -1 01 and ∼ 2 × 10 8 cm −3 for H 2 O 1 11 -0 00 . In the standard model the mean free path of the photons is small compared to the thickness of the layer with abundant water vapor. Still, the emission is effectively optically thin, because of the significant chance of resonant scattering compared to photon absorption in this excitation regime. Crucially, this means that our observations are sensitive to the total amount of water vapor as opposed to fully optically thick lines. However, it also means that the calculated emission of the individual lines depends sensitively on the location of the peak water abundance, since from this follows the surrounding H 2 number density and therefore the excitation conditions. The sensitivity of the excitation on the gas temperature is much smaller. Our standard model overestimates the water fluxes by factors 3-5 compared to the observations. The line strengths can be reduced if the collisional excitation is decreased or if the total amount of water vapor is lowered. We first explore the dependency of our results on the collisional excitation, through the effects of the overall H 2 density and the H 2 ortho-to-para ratio (OPR). The results of our standard model do not change significantly when we increase the H 2 density or change the H 2 OPR from 3 to 0.1. The latter corresponds to an H 2 OPR in thermal equilibrium at a temperature of ∼ 35 K as appropriate for the layer of maximum water abundance, and represents a lower limit to the H 2 OPR. The lack of dependency can be explained by the small mean free path of the water line photons in the standard model, which contributes to the excitation of the energy levels. Only when the H 2 density is lowered by an order of magnitude does the excitation of the water molecules and the emergent line strengths decrease. Within our model, decreasing the H 2 density corresponds to increasing the height of the layer of maximum water abundance. Since the latter is set by the vertical distribution of the dust, this corresponds to increasing the height of the dust. However, the dust is supported vertically by the gas pressure, and increasing the vertical height of the dust is therefore not allowed. Decreasing the height of the dust is allowed, as happens when all grains, independent of grain size, decouple partially from the gas and settle uniformly to the midplane. This moves the layer of maximum water abundance to a region of increased H 2 density, but does not affect the line strengths significantly because the increased excitation is balanced by increased line opacity.
Reducing the total gas mass of the disk does not decrease the strength of the water emission lines. The reason for this is two-fold. First, we assume that the water ice, from which the water vapor derives through photodesorption, was formed on the grains early in the disk's history, before any significant gas loss occurred, and remains unchanged. Therefore, even for low disk gas masses, the column density of water vapor is unchanged. Secondly, as the gas density drops, the ice-carrying grains, which are vertically supported by the gas pressure, must settle to the midplane. As a result, we expect the H 2 density in the layer of water vapor to remain similar as the vertical height of the layer is reduced. The collisional excitation of the water vapor molecules therefore is not changed significantly. Together, these two effects lead to essentially unchanged water vapor emission line strengths and unchanged total amount of ice even if the gas-to-dust ratio is lowered. This reasoning rests crucially on the assumption that the water ice formed at an original gas-to-dust ratio of 100. If the ice formed after 90% of the gas has been lost, the resulting ten times smaller ice reservoir can explain our observations. However, there are no likely scenarios in which the water ice starts to form only at such an advanced stage of the disk's evolution.
The lack of viable scenarios to reduce the intensities of the water lines by changing the H 2 density, its OPR, or the total gas mass leaves as our only option a decrease of the total amount of water vapor to match the observations. Since the water vapor derives from photodesorption of ice, this means that the amount of water ice in the regions affected by ultraviolet radiation needs to be reduced. We calculated models where the abundance of ortho-water and para-water were reduced uniformly throughout the disk with separate factors until the emerging line intensities match the observations. Unlike our standard model, T spin now no longer is assumed equal to the dust temperature but instead is constant throughout the disk. Compared to the total amount of water vapor predicted by the standard model, a model where 5.4 ± 0.2% is present as orthowater and 7.0±0.3% as para-water reproduced the observed line intensities (i.e., a water OPR of 0.77 ± 0.07). The error bars reflect only the statistical uncertainty due to the measurement error in the observed line intensities; systematic uncertainties are discussed below. This corresponds to a reduction to 12% of the ice content in the regions affected by the ultraviolet radiation, although the size of the total ice reservoir does not change. At these low abundances, the disk becomes fully optically thin to the water line photons.
We finally investigated the dependency of the derived water OPR at these reduced abundances on the water excitation through collisions with H 2 , including the effect of the H 2 OPR. Because the critical density of the para-H 2 O 1 11 -0 00 line is higher than that of the ortho-H 2 O 1 10 -1 01 line, increasing the H 2 density increases the para-H 2 O line faster than the ortho-H 2 O line, which decreases the water OPR derived from the observed line ratio. A factor of 10 increase in the H 2 density increases the derived water OPR to 2.0. Such an increase in H 2 density corresponds to significant uniform settling of all dust, both large and small, and the associated layer of maximum water vapor abundance, for which there is no observational evidence in the TW Hya disk at the relevant radii. It would furthermore require an even larger degree of differential settling of large, icy grains with respect to small grains to further reduce the water vapor abundance in order to reproduce the observed line strengths. No degree of uniform settling can yield a derived water OPR of 3.
In the optically thin limit appropriate for the disk model with reduced water vapor abun-dance, reducing the H 2 OPR from 3 to 0.1 has an effect comparable to lowering the H 2 density since para-H 2 has lower collision rates with water compared to ortho-H 2 . Because of the differences in collision rates between ortho-water and para-water, the derived water OPR increases to 1.3 for an H 2 OPR of 0.1. Thus, our conclusion is robust that the OPR in the TW Hya disk is much lower than the range of 2-3 measured for Solar System comets. From these considerations we conclude that the most likely explanation of our Herschel detection of the emission lines of water vapor from the TW Hya disk, is a situation where only 12% of the original ice content remains in the regions affected by UV irradiation and the remainder has settled to lower depths. The ortho-to-para ratio of the water vapor, and by extension the ice reservoir, is as low as 0.77 to reproduce the observed ratio of the 1 11 -0 00 and 1 10 -1 01 lines. 
